Permeable reactive barriers (PRBs) consist of a labile carbon source that is positioned to intercept nitrate-laden groundwater to prevent eutrophication. Decomposition of carbon in the PRB drives groundwater anoxic, fostering microbial denitrification. Such PRBs are an ideal habitat to examine microbial community structure under high-nitrate, carbon-replete conditions in coastal aquifers. We examined a PRB installed at the Waquoit Bay National Estuarine Research Reserve in Falmouth, MA. Groundwater within and below the PRB was depleted in oxygen compared to groundwater at sites upgradient and at adjacent reference sites. Nitrate concentrations declined from a high of 25 M upgradient and adjacent to the barrier to <0.1 M within the PRB. We analyzed the total and active bacterial communities filtered from groundwater flowing through the PRB using amplicons of 16S rRNA and of the 16S rRNA genes. Analysis of the 16S rRNA genes collected from the PRB showed that the total bacterial community had high relative abundances of bacteria thought to have alternative metabolisms, such as fermentation, including candidate phyla OD1, OP3, TM7, and GN02. In contrast, the active bacteria had lower abundances of many of these bacteria, suggesting that the bacterial taxa that differentiate the PRB groundwater community were not actively growing. Among the environmental variables analyzed, dissolved oxygen concentration explained the largest proportion of total community structure. There was, however, no significant correlation between measured environmental parameters and the active microbial community, suggesting that controls on the active portion may differ from the community as a whole.
H
umans are adding excess nitrogen (N) to coastal ecosystems at a high rate (1) , which has contributed to the moderate to high degree of eutrophication found in 65% of U.S. estuaries examined (2) . Nitrogen is generally the limiting nutrient in coastal ecosystems, so anthropogenic nitrogen inputs stimulate both primary production and benthic nutrient recycling (3, 4) . These N inputs increase macrophyte and phytoplankton growth and can change the community composition of primary producers (5) . When primary producers die, microbial degradation can lead to hypoxia and the decline of secondary producers (6) .
Non-point source anthropogenic N inputs associated with agriculture, urbanization, and wastewater treatment are prevalent causes of eutrophication in estuaries (7) . In many coastal systems underlain by unconsolidated sediments, groundwater is a major delivery mechanism for non-point sources of N (8) . Nitrate (NO 3 Ϫ ) also leaches from wastewater treatment plant percolation basins and septic system drain fields (9) into groundwater, which then flows into estuaries, exacerbating the harmful effects of eutrophication. In fact, groundwater-borne NO 3 Ϫ can comprise as much as 71 to 97% of nitrogen loading to estuaries in southern New England (10, 11) .
Since groundwater is an important source of non-point anthropogenic NO 3 Ϫ to estuaries, development of strategies for removal of excess NO 3 Ϫ from groundwater is important for maintaining coastal ecosystem health. One inexpensive yet efficient method of removing NO 3 Ϫ is through the installation of permeable reactive barriers (PRBs) designed to foster denitrification (12) . PRBs are installed to intercept groundwater NO 3 Ϫ flowing to the shore, and they contain a labile carbon source, often wood chips, that provides a large source of oxidizable organic matter to the otherwise low-carbon aquifer (13, 14) . The added carbon enhances heterotrophic decomposition, resulting in an increase in biological oxygen demand and hypoxia or anoxia in the groundwater. In the absence of oxygen, denitrifying bacteria can use the large supply of anthropogenic NO 3 Ϫ in groundwater as a terminal electron acceptor to metabolize organic matter. Denitrifying bacteria are often limited by carbon availability (13) ; by removing carbon limitation and creating low-oxygen conditions favorable to denitrifying microbes, the PRBs promote NO 3 Ϫ removal before it can induce eutrophication in receiving waters (14) .
PRB-induced anoxia likely also promotes other changes in bacterial community composition. The PRBs are designed to increase the amount of labile carbon to support denitrification, but this carbon can also support other types of anaerobic respiration (e.g., sulfate and iron reduction), as well as fermentation. Bacterial communities in estuaries, oceans, and sediments often vary with dissolved oxygen supply, carbon availability, salinity, nutrients, temperature, light, and predation (15) (16) (17) (18) (19) (20) . If the PRB alters any of these environmental parameters relative to typical aquifer condi-tions, these changes might also result in local shifts in bacterial community composition. Although PRBs have been used in freshwater systems (14, 21, 22) , this is the first PRB installed in the mixing zone between fresh groundwater and adjacent marine waters, an area referred to as the subterranean estuary (23) . The subterranean estuary is a particularly dynamic region of the aquifer, with a large number of electron acceptors, including nitraterich groundwater and sulfate-rich estuarine water, but with relatively small amounts of organic carbon to support heterotrophic respiration. The PRBs are therefore a good model system to study how an additional source of organic matter in brackish coastal aquifers affects bacterial community structure.
To determine if the PRB alters bacterial community composition, activity, and aquifer geochemistry relative to adjacent systems with no PRB present, we analyzed bacterial sequence diversity from the groundwater of three sites: upgradient of the PRB, within and directly downgradient of the PRB, and at a reference site adjacent to the PRB (Fig. 1) . We also measured a suite of geochemical parameters, including salinity, dissolved oxygen, NO 3 Ϫ , and ammonium (NH 4 ϩ ) concentrations to determine if differences in geochemistry correlate with shifts in bacterial community structure. We hypothesized that the carbon source provided by the wood chips in the PRB would promote anoxia and heterotrophic bacterial metabolisms to such an extent that even bacteria with metabolisms that have negative reduction potential, such as sulfate reduction and fermentation, could achieve high relative proportions inside the PRB.
MATERIALS AND METHODS
Study sites, groundwater sampling, and geochemical analyses. The PRB, located at the Waquoit Bay National Estuarine Research Reserve in Falmouth, MA, was installed in 2005 by Lombardo and Associates (24) . The PRB consists of a trench ϳ20 m long, 2.5 m deep, and 3.7 m wide (a total volume of ϳ185 m 3 ). The carbon content of wood chips used in the Waquoit Bay PRB was 61%. This is in stark contrast to the very low solid-phase carbon content of the Waquoit Bay aquifer, which ranges from nondetectable levels to a high of 0.075% (25) . Dissolved organic carbon (DOC) concentrations in groundwater taken from the same region were also consistently low, ranging from 7 to 700 M (26, 27) . Previous sampling at the PRB indicated that DOC in the PRB was 117.2 M (n ϭ 11, standard error [SE] ϭ 10.7), while upgradient sites averaged 55.4 M (n ϭ 14, SE ϭ 2.7). Furthermore, dissolved inorganic carbon (DIC) in the barrier averaged 1621 M (n ϭ 10, SE ϭ 103.2), compared to 733 M (n ϭ 5, SE ϭ 26.6) in upgradient sites (C. Knauss, personal communication). Although these data were collected a year prior to the sampling reported here, they indicate that the presence of the wood chips enhances the availability of DOC, and the excess DIC in the barrier suggests active heterotrophic metabolism.
We collected groundwater samples from the PRB and from an adjacent reference site on 12 October 2012 (Fig. 1) . Groundwater was collected from multidepth, colinear sampling wells at depths ranging from a half meter to 4 m beneath the beach surface. These wells were positioned to collect groundwater upgradient flowing toward the PRB, within the PRB itself, and in an area of unaltered beach that was adjacent to the PRB (ϳ50 m away) but with no PRB present (Fig. 1) . To collect bacterial DNA and RNA, 2 liters of groundwater from each depth was pumped out of the well and filtered onto a Millipore Sterivex 0.22-m-pore filter. Fifty milliliters of the filtrate was frozen for subsequent NO 3 Ϫ and ammonium (NH 4 ϩ ) measurements. Dissolved oxygen concentrations, salinity, and temperature were recorded during sample collection using a Hanna HI9828 multiparameter meter (Geoscientific, Ltd., Vancouver, British Columbia, Canada, with a resolution of 0.1 mg liter Ϫ1 ). and 31-107-06-1-B, respectively. The lower limit of detection for both methods was 0.36 M. We plotted these data in contour plots that were generated using the R package spatstat version 1.41-1 (28) . Briefly, the area of analysis was the convex hull defined by the observation points. Spatial smoothing was performed using a Gaussian kernel with the Diggle edge correction algorithm (29) and a sigma parameter of 0.4.
Genomic DNA and RNA extraction, amplification, and sequencing. We extracted total nucleic acids using a modification of the MoBio PowerWater Sterivex DNA isolation kit (MoBio Laboratories, Carlsbad, CA). After nucleic acid extraction, the filtrate containing all DNA and RNA was split as follows. To separate RNA from DNA, 25 l of eluted filtrate was placed into two separate 1.5-ml centrifuge tubes. We added 75 l of 1/10ϫ DNase buffer and 1 l of DNase to each tube, which was then incubated for 10 min at 37°C. We then added 1 l of 0.5 M EDTA and incubated the tubes at 75°C for 10 min to halt the reaction. The two replicate tubes were pooled and stored at Ϫ80°C. To separate DNA from RNA, we added 1 l of RNase A to the remaining 50 l of eluted filtrate, incubated the samples at 37°C for 30 min, and then stored the samples at Ϫ20°C. We converted RNA to cDNA using random hexamer primers along with the Superscript III single-strand kit for reverse transcription (RT)-PCR (Life Technologies, Carlsbad, CA). The cDNA was stored at Ϫ80°C until sequencing.
To analyze bacterial community composition, we sequenced a ϳ500-bp section of the V2-V3 region of the gene that encodes the small subunit of the prokaryotic ribosome (16S rRNA), which is used to infer taxonomic identity. Analysis of 16S rRNA is indicative of bacteria that are synthesizing proteins and, with caveats (30), can be used as a rough approximation for the active portions of the community (15, 31) . Analysis of the 16S rRNA gene is used to characterize the structure of the total bacterial community.
We amplified fragments of 16S rRNA genes and 16S rRNA using primers 27F (AGAGTTTGATCCTGGCTCAG) and 533R (TTACCGCGGCT GCTGGCAC), along with adaptors and barcodes designed by Beckman Genomics. We performed triplicate independent PCRs with a reaction mixture (final volume of 26 l) that contained 2 l DNA or RNA template, 0.5 M each primer, 1.5 mM MgCl 2 , 0.8 mM deoxynucleoside triphosphate (dNTP), and 0.025 U l Ϫ1 GoTaq polymerase (Promega Corporation, Madison, WI). The thermal cycling conditions were as follows: initial denaturation at 95°C for 2 min, followed by 30 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 30 s. This was followed by a final elongation period at 72°C for 7 min. Some samples, primarily from the reference location (2-m depth at well 0, 1-and 3-m depths at well 1, 3-m depth at well 2, 1-and 3-m depths at well 3, and 1-m depth at well 4) required a nested PCR approach, in which a 1,500-bp fragment of the V1-to-V6 region of the16S gene was first amplified with 8F-1525R primers (32) . Although performing nested PCR can amplify any biases in the samples, we tested for this bias by calculating the UniFrac similarity metric for nested and nonnested samples. As the nested samples did not cluster separately from the nonnested samples, we concluded that the nested approach was appropriate for the preparation of samples that were difficult to amplify. The reaction mixture (final volume of 26 l) for the nested PCR contained 2 l template, 0.3 M each primer, 1.5 mM MgCl 2 , 0.8 mM dNTP, and 0.025 U l Ϫ1 GoTaq polymerase (Promega Corporation, Madison, WI). The cycling conditions were as follows: 95°C for 3 min, followed by 30 cycles of denaturing at 95°C for 1 min, annealing at 51°C for 1 min, and elongation at 72°C for 1 min 45 s, with a final elongation at 72°C for 5 min. One microliter of PCR product was then amplified with the barcoded primers, as described above. We gel purified the final barcoded PCR products using a QIAquick gel extraction kit (Qiagen,Valencia, CA) according to the manufacturer's instructions. Gel-purified PCR products were quantified on a Nanodrop 2000 (Thermo Scientific, Wilmington, DE), pooled in equimolar ratios, and sequenced at Beckman Coulter Genomics on a Roche 454 GS FLX using Titanium chemistry.
Data analysis.
We analyzed sequence output from Beckman-Coulter using QIIME (33) . Sequences were demultiplexed, quality filtered, and chimera checked using default parameters. We assigned 251,686 barcoded sequences to 48 samples, with an average of 5,243 sequences per sample. We did not include four samples that had fewer than 50 sequences per sample in downstream analysis. We clustered sequences at a 97% sequence identity (33) and picked operational taxonomic units (OTU) using uclust (34) . We aligned sequences to the Greengenes core reference set using PyNast (33) . Before diversity and abundance analyses were performed, we rarefied all samples to 500 sequences to normalize for various depths of sequencing among samples. We calculated alpha diversity using the Chao1 richness estimator and the Shannon diversity Index. We tested for differences in average taxonomic richness and diversity in groundwater collected from wells upgradient of the PRB, within the PRB, and adjacent to the PRB using a one-way analysis of variance (ANOVA) in R (35) .
We examined bacterial community structure using the weighted UniFrac distance measure in QIIME and visualized the output with principal coordinate analysis. UniFrac combines distance-based measures with phylogenetic information, making it more informative than ordinations done with a distance measure alone (18) . To determine the proportion of variation in the sequence data that could be explained by the environmental variables that we measured (NO 3 Ϫ , salinity, and dissolved oxygen), we performed two tests: a distance-based multivariate ANOVA (adonis) and a constrained distance-based redundancy analysis (db-RDA) using the vegan package (36) in R (35) . The adonis method uses a permutation approach to test for differences among replicate multivariate samples using a distance matrix. For these analyses, we used the Bray-Curtis similarity metric on the rarified data table at the genus level, the finest-scale resolution possible given the constraints of our gene fragment size. db-RDA, can be used to test whether the measured environmental variables are able to explain a significant portion of the variance observed in the distance matrix. To perform db-RDA, we calculated a Bray-Curtis similarity matrix on the rarefied data set at both the class and genus levels and selected variables via permutation. We tested for significance on the RDA data using a type III ANOVA. Geochemistry data were log transformed, and taxonomic abundances were Hellinger transformed prior to analysis.
To determine which bacteria were driving observed patterns in community composition, we generated stacked bar graphs using class-level taxonomy tables generated in QIIME, and we tested for differences in abundances at each of our sites using ANOVA in R (35) . To obtain finerscale taxonomic resolution, we also used SIMPER analysis in vegan (36) at the genus level to determine which taxa were driving differences among sites. We were particularly interested to see how the distribution of candidate phyla, many of which are inferred to have obligately fermentative metabolisms, changed as a result of the addition of carbon in the PRB, so we used the rarefied abundance table to generate heat maps of the relative abundance of each of the classes of candidate phyla in all of the samples.
In addition to documenting the relative abundances of different bacteria in groundwater as a result of the barrier, we also compared the relative activities of different taxa in groundwater collected from wells within the barrier to wells upgradient and outside the barrier. To examine the relative activities of different bacteria, we calculated the ratio of rRNA to rRNA genes for each class using the rarefied data table. We plotted the results in a heat map, with yellow and red signifying bacterial classes that had rRNA/rRNA gene ratios of Ͼ1 (a proxy for active members of the bacterial community) and blue signifying bacterial classes that had rRNA/ rRNA gene ratios of Ͻ1 (a proxy for bacterial classes with a large proportion of dormant taxa). To determine if differences in abundance of rRNA and rRNA genes in each class were significant, we performed a permutation test on the abundances in each site. For these tests, we combined rRNA and rRNA gene abundances into one data set, sampled without replacement, computed differences in means between these randomized data sets, and repeated this for 1,000 permutations. The P value is the number of times the difference was greater than or equal to the observed difference. Significant P values indicate that that class was either largely active (significantly more rRNA than rRNA genes) or was largely dormant (significantly more rRNA genes than rRNA).
In order to gain more insight into which bacteria within each class were active and which were dormant, we also analyzed the 16S rRNA/ rRNA gene ratio data at the genus level. We regressed 16S rRNA sequence abundance against 16S rRNA gene abundance for each genus and calculated the residuals for these points relative to a one-to-one line. Residuals that were greater than 1 standard deviation (SD) away from the one-toone line were considered either active (if the residuals were positive) or dormant (if the residuals were negative).
Nucleotide sequence accession number. Sequence data have been deposited in the Sequence Read Archive under accession no. SRP053303.
RESULTS
Bacterial diversity and environmental drivers of community structure. The total bacterial community as well as the active community both showed higher ␣ diversity in the PRB relative to the reference site (Fig. 2) . A one-way ANOVA indicated that there were significantly more observed taxa and a higher Chao1 estimated richness (P ϭ 0.04 and P ϭ 0.03, respectively) in the PRB samples based on analysis of 16S rRNA genes. 16S rRNA also demonstrated significant differences among sites, with more observed taxa (P ϭ 0.003) and a higher Chao1 estimated richness (P ϭ 0.002) and Shannon diversity index (P ϭ 0.01) in the PRB samples than in the upgradient and reference samples.
The ␤ diversity results suggest that there is a distinctly different bacterial community present in the 16S rRNA genes of the PRB sites (Fig. 3 , red squares) compared to the reference (Fig. 3 , blue squares), and upgradient sites (Fig. 3, purple squares) . Surprisingly, that difference was not reflected as strongly in the 16S rRNA, where there was considerable overlap in community structure at PRB, upgradient, and reference sites (Fig. 3) .
We measured salinity, dissolved oxygen, NO 3 Ϫ and NH 4 ϩ to determine both how the PRB altered the geochemistry of groundwater percolating through the barrier and if the changes we measured correlated with changes in bacterial community structure. Our results suggest that the PRB alters the salinity regime by allowing greater salt water intrusion than in adjacent areas with no PRB (Fig. 4A) . Salinity ranged from 0 to 2 ppt in wells upgradient of the barrier but ranged from 6 to 19 ppt in the PRB (Fig. 4A) , reflecting its location in the mixing zone of the subterranean estuary. The reference site had lower salinities overall but also showed evidence of saltwater mixing at the lowest depths (Fig.  4B) . Our data also indicate that the PRB contains a region of low-oxygen water (Fig. 4C) . Groundwater in the reference and upgradient sites had dissolved oxygen concentrations of 3 to 6 mg liter Ϫ1 , but as the groundwater moved through the PRB, the oxygen concentration dropped to below the limit of detection. Similarly, NO 3 Ϫ concentrations in upgradient and reference wells reached 25 M (Fig. 4E ), but in PRB wells, NO 3 Ϫ concentrations were low, typically below the detection limit (Fig. 4E) . Ammonium did not show any discernible pattern among sites, suggesting the barrier did not promote dissimilatory nitrate reduction to ammonia (data not shown).
Adonis results confirmed that the bulk bacterial communities (via analysis of 16S rRNA genes) were significantly different between the barrier and nonbarrier locations (F ϭ 2.7, P ϭ 0.001). To determine what environmental factors correlated with these differences, we performed db-RDA at the genus level, using dissolved oxygen, salinity, and nitrate as predictors in the model. Site was not included as a predictor in this analysis since it correlated with the other factors. Dissolved oxygen proved to be the only significant correlate with community composition (P ϭ 0.047). To examine environmental correlates that might influence changes in the active community, we did the same analyses on 16S rRNA sequences. Adonis results also indicated that the active communities differed significantly among sites (F ϭ 2.1, P ϭ 0.013); however, none of the predictors were significant for 16S rRNA at the genus level.
Relative bacterial abundance and activity. Comparison of the relative abundance of taxa across sites could provide insight into the organisms responsible for the proper functioning of the PRB. The most important classes present in the 16S rRNA genes of the reference and upgradient sites belonged to the phylum Proteobacteria, which accounted for, on average, 40% of all sequences in the reference site and 43% of all sequences in the upgradient sites (Fig.  5A) . Classes from the Acidobacteria phylum and the candidate phylum OP3 were also important components of the non-PRB sites (Fig. 5A) . Analysis of 16S rRNA gene sequences from the PRB (Fig. 5A) , however, revealed a different pattern. PRB samples were dominated by classes from the candidate phylum OD1 (Parcubacteria), which accounted for, on average, 37% of the 16S rRNA gene sequences, followed by classes from the Proteobacteria, which accounted for ϳ17% of all 16S rRNA gene sequences. Stacked bar plots generated using 16S rRNA sequence data from the PRB revealed a pattern distinct from the PRB 16S rRNA gene sequence data (Fig. 5B) . Among the active portions of the community, the relative importance of OD1 in the PRB was considerably lower (never more than 5% of any sample) than in the bulk (Fig. 5B) . Instead, classes from the Proteobacteria, which accounted for 49%, 65%, and 40% of the active community in the reference, upgradient, and PRB samples, respectively, dominated the active portion of the bacterial community. Classes from the Acidobacteria were also an important component of the active community in the reference samples, and classes from the candidate phylum OP2 were active in the PRB. Since many candidate phyla appear to have a considerably higher abundance in the PRB compared to upgradient and reference locations, we examined their abundance in greater detail by plotting relative abundances of different genera from each of the candidate phyla in heat maps (Fig. 6 ). When we examined the candidate phyla via analysis of 16S rRNA gene sequences, clear differences emerge between the reference and upgradient samples compared to the samples from the PRB. In particular, bacteria associated with the koll11 isolate from the OP3 phylum were relatively more abundant in the reference and upgradient samples than in the barrier samples (Fig. 6A) . In contrast, bacteria associ- ated with the OD1 phylum, and in particular those associated with the ABY1 and ZB2 candidate classes, were a greater proportion of the community in the PRB compared to the reference and upgradient locations (Fig. 6A) , as was GN02. Unlike the clear patterns demonstrated in the 16S rRNA gene analysis, there were no clear differences in the relative abundances of different candidate phyla among the active portion of the community as determined by analysis of 16S rRNA (Fig. 6B) . SIMPER analysis of the 16S rRNA gene sequences indicated that all OD1 classes combined accounted for 19.4% of the difference observed between PRB and reference sites, and OP3 (Omnitrophica) and GN02 (Gracilibacteria) accounted for an additional 7.2 and 2.7%, respectively (Table 1) . Thus, among the total community, candidate phyla accounted for almost 30% of the differences among sites (Table 1 ). In contrast, within the active portion of the community, an Acidobacteria class, a family of Helicobacteraceae, and a category of unassigned bacteria each accounted for 3.6% of the differences observed, with various families of Proteobacteria combining for an additional 12.7% (Table 1 ). There were no candidate phyla among the taxa driving differences among sites in the active community.
To further assess which taxa had the highest potential rates of protein synthesis, we normalized the abundance of 16S rRNA to the abundance of 16S rRNA genes and plotted the results in a heat map (Fig. 7) . In the PRB, several classes of bacteria had 16S rRNA/ rRNA gene ratios that were significantly higher than 1, as determined by permutation tests, indicating the highest potential for activity. These classes (demarcated with black asterisks) include Deltaproteobacteria, Epsilonproteobacteria, Lentisphaeria, and Anaerolinea (Fig. 7) . Consistent with previous results, the PRB also contained classes with 16S rRNA/rRNA gene ratios significantly lower than 1 (demarcated with white asterisks). These classes include three classes of OD1 and a class of TM7. The reference sites harbored different active and dormant classes of bacteria. Significantly more active classes included Sphingobacteria and OP3 in addition to Deltaproteobacteria. The only class in the reference samples with rRNA/rRNA gene ratios that were significantly lower than 1 was a class of Acidobacteria.
We performed a similar analysis at the finest-scale taxonomic resolution (Table 2) because the class level analysis likely aggregates over both active and inactive taxa. Active bacteria (taxa whose abundance was Ͼ1 SD above a slope of unity) in the PRB included Myxococcales (Deltaproteobacteria), Victivallales, Helicobacteraceae (Epsilonproteobacteria), and Desulfobacteraceae (Deltaproteobacteria) ( Table 2 ). Bacteria with a higher degree of dormancy (taxa whose abundance was Ͼ1 SD below a slope of unity) included multiple genera of OD1 and OP3 ( Table 2 ). The reference site harbored active Bacteroidetes, including Sphingobacteriales and Chitinophagaceae, Deltaproteobacteria (Entotheonellaceae, Myxococcales), Gammaproteobacteria (Pseudomonas), and Nitrospira (Nitrospirales). Dormant bacteria in the reference site included OP3 (koll11, koll1-GIF10-kpj58rc), an order of Acidobacteria, and Methylacidphilales (Table 2) . 2 2 3 3 4 0 1 1 3 3 4 4 4 5 6 7 7 2 1 3 2 3 2 3 1 
DISCUSSION
Bacterial diversity and environmental drivers of community structure. We hypothesized that the large supply of carbon provided by the PRB would drive changes in the bacterial community 
a Each taxon was resolved to the highest taxonomic classification possible. The letters in parentheses indicate the taxonomic level: p, phylum; c, class; o, order; f, family; g, genus. The top 10 taxa each for 16S rRNA genes and rRNA are shown. by providing additional niche space for bacteria with low-energyyielding metabolisms. Our results indicate that both the total number of observed taxa and the estimated taxonomic richness were greater in the PRB relative to reference sites (Fig. 2) when the community was analyzed both via 16S rRNA genes (total community) and 16S rRNA (active community). The PRB was also more diverse when measured by the Shannon index, which takes into account both evenness and richness. Abundant carbon has been shown to reduce competition and allow for a greater abundance (37) and more even distribution of bacteria in soils relative to carbon-limited environments (38) . The structure of the total bacterial community also supports our hypothesis that the barriers can promote metabolisms that have a negative reduction potential, such as sulfate reduction and some types of fermentation. Many of the abundant taxa found in the PRB are inferred from metagenomic studies to have fermentative metabolisms, suggesting that there is sufficient carbon available to support a wide array of metabolic niches that are not typically abundant in aerobic coastal aquifers. It remains to be seen whether the specific bacterial taxa enhanced by the PRB are also capable of carrying out denitrification, but the wide diversity of metabolisms inferred by our 16S rRNA data suggests that the PRB is likely to promote this essential ecosystem service.
Ref Up PRB
Surprisingly, despite the large input of organic matter provided by the barriers, the compositions of the active portion of the bacterial community were similar among sites as assessed by analysis of 16S rRNA (Fig. 3) . The only samples that were divergent in their community composition were those sequenced from the 16S rRNA genes (representative of both active and recently dead or dormant bacteria or extracellular DNA). This suggests that the taxa that made the PRB distinct from reference sites were not actively transcribing genes. We hypothesize that the difference between the 16S rRNA genes and 16S rRNA samples might result from the fact that the bacterial communities we analyzed were extracted from groundwater flowing through the barrier, rather than the bacteria that were residing in biofilms directly on the wood chips. It is possible that sampling the groundwater percolating through the barrier included both typical aquifer bacteria, similar to what would be expected from reference samples, as well as inactive (recently dead or dormant) bacteria or extracellular DNA that had been released from the PRB biofilm. Direct sampling of the wood chip biofilm could help confirm this hypothesis. If our hypothesis is true, it suggests that the area of active biogeochemical cycling is directly on the surface of the wood chips.
We measured a suite of environmental parameters in groundwater to determine if they explained differences in bacterial community structure among sites. The PRB resulted in several changes to redox chemistry in the aquifer that are both caused by and could induce changes in the bacterial community. Our data indicate that there was a sufficient amount of carbon in the PRB to completely remove oxygen and NO 3 Ϫ (Fig. 4C and E) . The complete removal of these oxidants suggests that there was sufficient reducing power that alternative metabolisms, such as sulfate reduction and fermentation, were also likely taking place. In contrast to what we observed in the PRB, oxygen and NO 3 Ϫ concentrations remained high in reference samples (Fig. 4D and F) .
The decrease in oxygen concentration caused by microbes inhabiting the PRB was the only geochemical parameter that correlated with the structure of the total bacterial community, and it covaried with sampling site. Surprisingly, dissolved oxygen and 
Active
Reference
a The differences between 16S rRNA and rRNA gene abundances were calculated for each taxon at each site. Any taxon where the residuals were Ϯ1 SD from a slope of unity was considered active (Ͼϩ1 SD) or dormant (ϽϪ1 SD). b The letters in parentheses indicate the taxonomic level: c, class; o, order; f, family; g, genus. Asterisks indicate that the taxon was Ͼϩ2 SD or ϽϪ2 SD from a slope of unity.
site were more important drivers of community composition than salinity, despite the identified importance of salinity as a driver of bacterial community structure in many other systems (15, 18, 39, 40) . Bacterial community composition often changes along estuarine salinity gradients (15), but Hollister et al. (41) found that along a transect of 140 m, salinity was not important as a driver of bacterial community structure. The small size of the PRB (it covers only 20 m of length along the beach), along with the wide fluctuations in salinity that it encounters (24), may explain why salinity was not an important driver of community structure in our samples. Dissolved oxygen, however, has been identified as an important driver of community composition in wastewater treatment systems and bioreactors (39, 42) . Factors like dissolved oxygen, nitrate, and salinity all vary within the PRB, so it seems likely that the collective geochemical changes the PRB creates ultimately drive differences in the bacterial community structure among sites.
Relative bacterial abundance and activity. Our 16S rRNA gene data indicate that several classes of candidate phyla drove the broad-scale differences in total bacterial community composition among sampling sites (Fig. 3) . In particular, the very large proportions of candidate phyla OD1 and OP3 in the PRB 16S rRNA genes resulted in significant differences in community structure (Fig.  5A ). In fact, the proportion of OD1 in the PRB was unusually high compared with those in many other systems (43) . In a compilation by Luef et al. (43) , five different classes of OD1 were surveyed from 23 different habitats, and in only one sample from marine water did a class of OD1 exceed 40% of the community composition, while in the PRB, OD1 represented ϳ38% of sequences (Fig. 5) . Previous work has shown that OD1 is often found in high relative abundances in anoxic, reducing environments, often with high concentrations of DOC (44) (45) (46) . For example, the Lost City hydrothermal vents, where OD1 was found to be abundant, had concentrations of DOC as high as 106 M, similar to the PRB (46) . Although OD1 metabolisms were not specifically identified in this study, metagenomic sequencing of these candidate phyla indicate that they are likely strict anaerobes with very small genomes, and they are thought to rely on syntrophy with other microorganisms to provide metabolites for sulfur reducing and fermentation pathways (47) (48) (49) . The fact that OD1 and other candidate phyla thought to have fermentative metabolisms were present in such high relative abundances in the PRB suggests that the wood chips provide a sufficient supply of carbon that is able to support a multitude of alternative bacterial metabolisms. The low proportion of OD1 among the active portion of the community in the PRB, however, suggests that these cells were not active at the time of sampling, possibly because the cells were only active when adhered directly to the wood chips.
While OD1 was in lower relative abundance in the reference and upgradient samples compared to in the PRB, OP3 was relatively more abundant in those locations. These bacteria are also anaerobic and are commonly found in groundwater, wastewater treatment plants, bioreactors, and wetlands (50) . Metagenomic analysis of OP3 indicates the genetic capacity for acetogenesis, sulfate reduction, and methanogenesis within this candidate phylum (50) . The relative abundance of candidate classes, however, was both higher and more diverse in the PRB than at the reference site, which contained just the two classes of OP3 (Fig. 6) . Patterns in relative abundance clearly showed a shift from moderately abundant OP3 in the reference site to highly abundant OD1, GN02, and OP3 in the PRB when examining the total bacterial community. Overall, the PRB supported a larger abundance and diversity of small, energetically inefficient candidate phyla, in keeping with our hypothesis.
The PRB supported a number of active anaerobic bacteria, including Epsilonproteobacteria and Lentisphaeria (Table 2) . Epsilonproteobacteria, including Helicobacteraceae and Arcobacter, were both present and active in the PRB but not present in the reference samples (Table 2 ). Many Epsilonproteobacteria are found in anaerobic environments (51, 52) . Some of these bacteria, including Helicobacteraceae, are related to sulfur cycling and are found in anoxic environments like deep-sea vent sulfide deposits, seep sediments, and hydrothermal fluids (53) . Desulfobacteraceae, a family of Deltaproteobacteria, were present and active in the PRB and are also common in anoxic habitats, like marsh sediments and hydrothermal vents (54, 55) . Victivallales, a member of the Lentisphaeria, were also active in the PRB, and strains are common in anaerobic digesters and wastewater treatment plants, suggesting they could be actively degrading the wood chips in the PRB (56) .
Noticeably absent from the active bacteria in the PRB are the various classes of OD1, which were extremely abundant in the total bacterial community. Although the low proportion of OD1 among the active bacteria could be a result of their reduced genome size and fewer ribosomes compared to others (resulting in a smaller relative proportion of 16S rRNA compared to other active bacteria), we suspect that this is not the case for a number of reasons. First, the sheer magnitude of difference between the proportion of OD1 in the total community (38%) and in the active community (Ͻ5%) suggests that this is not solely an artifact of genome size. Second, SIMPER analysis indicated that OD1 played no role in determining the structure of the active community, despite accounting for nearly 20% of the dissimilarity identified in the total community (Table 1) . Most importantly, however, when we normalized the abundances of the active taxa to their abundances in the total community and examined the residuals of those abundances to determine activity and dormancy, the OD1 classes ABY1 and ZB2 were more than 2 SD away from unity in the PRB samples, suggesting that there is a distinct lack of relative ribosome expression, which we interpret as a high degree of metabolic dormancy.
The primary differences among the active bacteria between the PRB and reference sites were primarily within classes of Proteobacteria and Acidobacteria. SIMPER analysis shows that the more important active taxa responsible for differences among sites include Nitrospirales, which contains one family that includes many aerobic nitrite oxidizers (57) , and the family Comamonadaceae, which is known to contain many facultative denitrifiers (58) . Both were relatively abundant in the reference and upgradient sites compared to the PRB sites. Active taxa in the reference site also included Sphingobium (likely aerobic carbon degraders) and Chitinophagaceae (a family of Sphingobacteriales, many of which are aerobic or facultative anaerobes) (59, 60) .
In summary, even 8 years after installation, and without any maintenance, the PRB in Waquoit Bay, MA, still appears to reduce NO 3 Ϫ to undetectable levels, likely as a result of heterotrophic denitrification. The PRB promotes the presence of anaerobic bacteria and has a distinct overall bacterial community compared to nearby reference sites where there is no PRB. These differences are mainly due to the high relative abundance of OD1 and other bacteria with alternative metabolisms that likely persist on the large supply of degradable carbon provided by the PRB. Our data suggest, however, that many of these anaerobic bacteria are inactive (dead, dormant, or extracellular DNA), as the active component of the bacterial community in the PRB was not enriched in these anaerobic taxa. Finally, dissolved oxygen was the only environmental driver measured that explained bacterial community structure in the PRB, suggesting that the supply of carbon from the wood chips and the resultant decline in dissolved oxygen overwhelmed salinity and nitrogen supply as drivers of bacterial community composition.
